Physical aging is a ubiquitous phenomenon in glassy materials and it is reflected, for example, in the time evolution of rheological properties under isothermal conditions. In this paper, time-resolved rheometry (TRR) is used to characterize this time-dependent rheological behavior. The fundamentals of TRR are briefly reviewed, and its advantages over the traditional Struik's physical aging test protocol are discussed. In the experimental section, the TRR technique is applied to study physical aging in bituminous binders. Small-diameter parallel plate (SDPP) rheometry is employed to perform cyclic frequency sweep (CFS) experiments over extended periods of time (from one to 8.6 days). The results verify that the mutation of rheological properties is relatively slow during physical aging (mutation number N′ mu << 1), thus allowing rheological measurements on a quasi-stable sample. The effects of temperature, crystallinity, and styrene-butadiene-styrene (SBS) polymer modification on the physical aging of bitumen are evaluated. The time-aging time superposition is found to be valid both for unmodified and for polymer-modified bitumen. Vertical shifts are necessary, in addition to horizontal time-aging time shifts, to generate smooth master curves for highly SBSmodified bitumen.
Introduction
Physical aging refers to structural relaxation of the glassy state toward the metastable equilibrium amorphous state (Hodge 1995) , and it is driven by the attempt to achieve equilibrium density through configurational rearrangements on a molecular scale (Simon 2001) . Physical aging is accompanied by changes in almost all physical properties, at both the macrostructural (bulk) and microstructural (molecular) scale (Struik 1977; Hodge 1995; Hutchinson 1995) . Among many other characterization techniques (dilatometry, differential scanning calorimetry, various spectroscopic and scattering techniques, etc.), physical aging can be conveniently detected by rheology (McKenna 2013) . In particular, it is common to use the so-called Struik's protocol (Struik 1977) to study the evolution of creep response during physical aging.
While the effects of physical aging on the creep response have been widely studied, much less attention has been paid to the evolution of dynamic viscoelastic properties in physically aging materials. Even so, the effects of physical aging on the dynamic viscoelastic properties have been studied in a number of glassy homo-and copolymers during the past few decades (Kovacs et al. 1963; Guerdoux et al. 1984; Pixa et al. 1985; Cavaille et al. 1986; Wang and Ogale 1989; Haidar and Smith 1990; Ricco and Smith 1990; Gillham 1992a, b, Beiner et al. 1994a,b; Brennan and Feller III 1995; Delin et al. 1996; Alcoutlabi and Martinez-Vega 1999; Araki and Masuda 2001; Drozdov 2001; Araki et al. 2001a, b; Drozdov and Dorfmann 2003; Tian et al. 2015; Cugini and Lesser 2015) . It is noteworthy, however, that to the best of our knowledge, no such investigations have been conducted on small-molecule (non-polymeric) glass-forming liquids. Furthermore, the fundamentals and possible limitations of using dynamic mechanical experiments to characterize physical aging have not been discussed in detail before.
In 1994, Mours and Winter introduced a novel framework for studying viscoelastic materials that undergo changes during rheological characterization (Mours and Winter 1994) . This approach is known as time-resolved rheometry (TRR) and it involves the measurement of time-dependent dynamic viscoelastic properties at various angular frequencies. Since its introduction, the TRR technique has been employed in the rheological characterization of a wide variety of transient materials, including polymers during cross-linking Winter 1996, 1998; De Rosa et al. 1997; Kaushal and Joshi 2014; Zhang et al. 2014) , crystallization (Pogodina and Winter 1998) , shear-induced phase ordering (Mandare and Winter 2007) , phase separation (Polios et al. 1997) , and thermal/thermo-oxidative degradation (Filippone et al. 2015a, b; Kruse and Wagner 2016; Salehiyan et al. 2017) . In particular, TRR is often used to detect the gel point (Winter 2016) .
In this article, we introduce TRR as a powerful technique to characterize physical aging in glassy materials. The fundamentals of TRR are reviewed, and the advantages of this method over the classical Struik's protocol are discussed. As a practical application, we use the TRR technique to analyze physical aging in various types of bituminous binders. In particular, the effects of temperature, crystallinity, and polymer modification are studied. The results of these analyses are of great importance especially to the asphalt paving industry as the physical aging of bituminous binders has a major impact on the durability of asphalt pavements (Iliuta et al. 2004b, a; Soenen et al. 2004; Yee et al. 2006; Zhao and Hesp 2006; Hesp et al. 2007 Hesp et al. , 2009a Evans et al. 2011; Bahia et al. 2012; Paul Togunde and Hesp 2012; Freeston et al. 2015) .
Theory

Sample mutation
The term "mutation" is used as a general expression for the changes that affect the molecular mobility, and hence the relaxation patterns of the investigated material . The mutation time τ mu is defined as the characteristic time for the rate of change in the material (Mours and Winter 1994) :
The change is not measured directly but indirectly through the property of interest g, which has to be specified for each type of experiment. τ mu is defined as the time which is required for a (1/e)-change of property g at the instantaneous rate of change ∂g/∂t. Furthermore, the mutation number N mu can be calculated considering the experimental time Δt :
This parameter estimates the change during an experiment, i.e., N mu = experimental time / mutation time. For small N mu , the mutation is small enough to be negligible in the analysis of an experiment.
Time-resolved rheometry
It is usually desirable to investigate transient samples specifically by dynamic oscillatory experiments since the experimental time is shorter than in comparable steady experiments and different relaxation modes can be studied almost independently of each other . In small-amplitude oscillatory shear (SAOS) experiments, the sample is subjected to a sinusoidal strain or stress, and dynamic viscoelastic properties such as the storage modulus G′ and loss modulus G″ are measured. The experimental time Δt in this type of measurement is defined by the time required by the rheometer to take a data point at a specified angular frequency ω:
Following Eq. (1), mutation times referring to the properties g = G′ and g = G″ can be written as:
It is worth noting that the definition of the mutation time bears a close resemblance to the definition of an effective retardation (relaxation) time for the structural recovery τ eff −1 = (− 1/δ)(dδ/dt) where δ(t) = (ν(t) − ν ∞ )/ν ∞ is the volumetric departure from equilibrium (Kovacs 1964) .
Correspondingly, mutation numbers need to be calculated separately for G′(ω) and G″(ω):
In order to consider the sample quasi-stable during the experimental time, both of these mutation numbers need to be sufficiently small, N mu << 1. Winter et al. (1988) found, for instance, that nonlinear effects were negligible in a gelation experiment when N mu < 0.15. On the other hand, Mours and Winter (1994) determined a critical mutation number of N mu < 0.9 for a constant heating rate experiment, and Pogodina and Winter (1998) considered samples with N mu ≤ 0.3 as quasistable during crystallization. It is worth noting that G′ usually changes more rapidly than G″ in mutating samples, and therefore N′ mu > N″ mu (Mours and Winter 1994; Winter et al. 1998) .
Two types of rheological experiments can be used to produce data for TRR analysis: cyclic frequency sweeps (CFS) and Fourier transform mechanical spectroscopy (FTMS). In the CFS protocol, a frequency sweep experiment is repeated in a continuous fashion for a long period of time. On the contrary, FTMS allows the probing of the material at several angular frequencies simultaneously, reducing the duration of a rheological experiment as compared to the CFS protocol (Holly et al. 1988) . The frequency resolution of this method, however, is often limited by the linear viscoelastic (LVE) domain of the material and the sensitivity of the measuring device (Ghiringhelli et al. 2012 ). These limitations are particularly critical for glassy materials that have very narrow LVE regime. Consequently, although many commercial rheometer models are capable of performing FTMS experiments, the more simple and accurate CFS method is a preferred way to produce data for the TRR analysis of physical aging.
Advantages of TRR over Struik's protocol
In the so-called Struik's protocol, the material sample is subjected to successive creep and recovery experiments during physical aging (Struik 1977 (Struik , 1966 . In order to limit sample mutation effects to an acceptable level during the creep measurements, each creep period is kept short in comparison with the previous aging time as well as the last recovery period preceding it. Struik's protocol is by far the most commonly used mechanical test method to study physical aging in amorphous and semi-crystalline polymers, as well as in other glassy materials.
It is notable that TRR has several advantages over Struik's protocol as a mechanical characterization method of physical aging:
& Frequency sweep data used in the TRR analysis is more informative (i.e., provides more comprehensive description of the linear viscoelastic behavior of a material) than creep data obtained by Struik's protocol. In particular, frequency sweep experiments probe both slow and fast time scales of the material. & The Kramers-Kronig relation (Kronig 1926; Kramers 1927 )
allows a consistency check on the frequency sweep data employed in the TRR analysis, i.e., the quality of G′ and G″ data can be readily assessed (Booij and Thoone 1982; Winter 1997 ) & TRR allows continuous monitoring of the rheological properties during physical aging, whereas data can be collected only at discrete aging times in Struik's protocol. & Frequency tests are more accurate than creep tests because the results of oscillation tests are inherently averages over several oscillations, consequently reducing measurement errors. & Based on our experience, if a rotational rheometer is used to measure rheological data during physical aging (in the experimental part of this paper), it is easier to obtain good dynamic oscillatory data than good creep data.
Time-aging time superposition
The evolution of rheological response during physical aging is often analyzed by time-aging time superposition, a concept similar to the well-known time-temperature superposition principle (Struik 1977; Bradshaw and Brinson 1997) . In this method, horizontal (and in some cases also vertical) shifting is used to construct master curves of rheological data measured at different aging times. This approach is equally applicable to the analysis of the dynamic viscoelastic data produced by the TRR method and to the analysis of the creep data produced by Struik's protocol. It can be seen then that, if successful, the time-aging time superposition principle is a powerful tool for the estimation of material response at long loading times from tests conducted over relatively short timescales (Brinson and Gates 1995; Joshi 2014) .
As a result of the master curve construction, one obtains aging time shift factors a te (and vertical shift factors b te , if appropriate) as a function of aging time. A power-law dependence of a te on aging time t e is often experimentally observed (and theoretically predicted for polymer glasses (Chen and Schweizer 2007) ). The slope in the log-log plot of a te vs. t e is defined as the aging shift rate μ (Struik 1977) :
μ is temperature-and material-dependent and is typically limited to values of μ ≤ 1 (Struik 1977) . At long aging times, however, the increase in a te becomes slower, and eventually a te reaches a plateau. This plateau can be considered as an indication of the equilibrium mechanical response where physical aging has completely ceased (O'Connell and McKenna 1999).
Experimental
In this investigation, TRR is employed to characterize physical aging in bituminous binders. Some basic properties of the investigated binder samples are given in Table 1 . Neat bitumen samples A and B were used to study the effects of crystallinity and temperature on physical aging. The crystallinity difference between these two bitumen samples is demonstrated by the heat flow curves of Fig. 1 . In addition, bitumen C was blended with different amounts (3-10 wt%) of starbranched styrene-butadiene-styrene (SBS) triblock copolymer (Calprene 411, M n = 311 kg/mol, M w /M n = 1.11, styrene content = 30 wt%) to study the effect of polymer modification on physical aging. More information about these SBS-modified bitumen samples is provided elsewhere (Laukkanen et al. 2018a) .
Rheological experiments were carried out with a stresscontrolled Malvern Kinexus Pro rheometer. The temperature of the test specimen was controlled within ± 0.1 K by a Peltier plate and active hood, connected to a Julabo CF41 refrigerated circulator. In order to avoid torsional instrument compliance effects caused by high sample stiffness (Schröter et al. 2006 ), a parallel-plate geometry with a small diameter of 4 mm was employed in the measurements. The accuracy and reliability of this measurement technique, commonly known as smalldiameter parallel plate (SDPP) rheometry, have been demonstrated in a separate paper (Laukkanen 2017) .
Rheological test specimens were prepared for the measurement by placing sufficient amount of material on the lower plate of the rheometer that was preheated to ∼ 10 K above the Ring-and-Ball softening point of the bitumen sample. The specimen was carefully trimmed at a gap height of 1.87 mm, after which the gap was further decreased to 1.75 mm. Finally, the specimen was cooled to the measurement temperature at the maximum cooling rate of the rheometer temperature control system (approximately 10 K/min on average), and the specimen temperature was allowed to equilibrate for about 500 s before starting the experiment.
The evolution of the dynamic viscoelastic properties (G′, G″, tan δ) during physical aging was monitored by performing cyclic frequency sweep (CFS) experiments. The frequency range from 10 to 0.1 Hz (ω = 62.8 to 0.628 rad/s) was repeatedly scanned while keeping the temperature constant. The strain amplitude was kept low (γ 0 = 0.01-0.03% depending on the measurement temperature) in order to ensure linear viscoelastic material response and to ensure that physical aging is not influenced by mechanical rejuvenation. During the measurement, the Peltier hood was purged with dry nitrogen gas to avoid moisture uptake and ice formation in the test specimen, and the rheometer normal force control was enabled to account for possible volume changes in the test specimen. The glass transition temperatures (T g,onset , T g,mid , T g,end ) and the melting enthalpy (ΔH m ) were determined by differential scanning calorimetry (DSC). T g,mid is defined as the temperature at the half-height of the heat capacity step associated with the glass transition. See Fig. 1 of this article and Fig. 3 of Laukkanen et al. (2018a) for the graphical determination of these parameters All measurement data were corrected for the instrument compliance using the procedure described in Laukkanen (2017).
Results and discussion Figure 2 shows the evolution of the dynamic viscoelastic properties of bitumen A during physical aging at the calorimetric T g . The total duration of this experiment was approximately 7.4 × 10 5 s or 8.6 days. The zero time is defined as the moment when the rheometer reached the measurement temperature. After this, additional 510 s was waited prior to initiating the CFS experiment in order to ensure that the test specimen is in thermal equilibrium. Notably, a substantial increase in G′ is observed with aging time. This increase appears to follow a similar trend at all measurement frequencies, the curves being substantially parallel to each other. It is also interesting to note that, at intermediate aging times, these curves are fairly linear (when plotted as a function of the logarithm of aging time). Similar aging time dependences of G′ (or E′) have been found in various polymer glasses such as polyvinyl acetate (Kovacs et al. 1963) , poly(arylene etherimide) (Brennan and Feller III 1995) , poly(methyl methacrylate) (Venditti and Gillham 1992b) , Tritan copolyester (Cugini and Lesser 2015) , and poly(2,6-dimethyl-l,4-phenylene oxide)-polystyrene (PPO-PS) blends (Cavaille et al. 1986 ). At long aging times, the aging process slows down and eventually ceases as G′ reaches a plateau. As could be expected, the time to reach this plateau is independent of the measurement frequency and is on the order of 10 5 s (≈ 28 h). This finding is in fair agreement with the results of Lu and Isacsson (2000) which indicate that the physical aging of bitumen typically persists for 1-2 days in the temperature range of − 15 to − 35°C. On the other hand, G″ shows only weak dependences on the aging time and measurement frequency at T g . It is also worth noting that the loss tangent, tan δ = G″/G′, decreases significantly with aging time, reflecting the increasing dominance of elastic properties over viscous ones.
Furthermore, mutation numbers N′ mu corresponding to the G′ data of Fig. 2 were calculated. As discussed above, the time evolution in G″ values is negligible compared to the time Figure 3 shows that N′ mu decays exponentially at short aging times and approaches zero very fast after the initiation of physical aging. Even at short aging times, sample mutation is very slow (N′ mu < 0.0023) at all measurement frequencies. Moreover, N′ mu decreases strongly with increasing measurement frequency as the experimental time Δt becomes longer (cf. Eq. (3)). Based on the above observations, it is safe to say that sample mutation does not pose limitations to the TRR analysis of physical aging, meaning that the sample can be considered quasi-stable during the experimental time. This is indeed not surprising as physical aging is generally viewed as a much slower process than most other time-dependent material transitions such as gelation and crystallization.
To further analyze the CFS data of Fig. 2 , interpolated frequency sweep data at various instances during physical aging is shown in Fig. 4a (see Mours and Winter (1994) for the details of the interpolation procedure). This figure again demonstrates the increase in G′ with aging time and the almost constant value of G″. Figure 4b shows the master curves constructed from the frequency sweep data of Fig. 4a using the time-aging time superposition principle. The lines in this figure represent the fits of the generalized Maxwell model to the experimental data, resulting from the calculation of the relaxation time spectrum by the method of Baumgartel and Winter (1989) . The close agreement between these model fits and the experimental data proves that the experimental data satisfies the Kramers-Kronig relation (Eq. (6)), which in turn indicates good data quality (Winter 1997) . Furthermore, Fig. 4c depicts the aging time shift factors that were used to obtain the master curves of Fig. 4b . Note that only horizontal shifts were used, vertical shifts were not necessary. As expected, the logarithm of the aging time shift factor shows a linear dependence on the logarithm of the aging time at the early stages of physical aging, the slope being μ ≈ 0.60. It is also noted that, similarly to Fig. 2 , the plateauing of aging time shift factors indicates the completion of physical aging after approximately 10 5 s (≈ 28 h).
The temperature dependence of the rate of physical aging in bitumen A is demonstrated in Fig. 5 . In addition to the above described experiment at the calorimetric T g (− 23.9°C), CFS experiments were performed at four different temperatures ranging from T g + 10 K (− 13.9°C) to T g − 10 K (− 33.9°C). In these additional measurements, dynamic viscoelastic properties were monitored over a time period of approximately 10 5 s (≈ 28 h). This shorter test duration did not, unfortunately, allow us to detect the state of complete physical aging at temperatures of T g + 10 K, T g + 5 K, T g − 5 K, and T g − 10 K. Nonetheless, these experiments provided us information about physical aging behavior in the power-law aging regime (where μ = log a te / log t e is roughly constant). It is observed that physical aging rates are significant both above and below the nominal T g of − 23.9°C, μ values varying in the range of about 0.40 to 0.60. Although the variations in the aging shift rate are relatively small in the investigated temperature range, it may be noted that the rate of physical aging appears to be highest at T g or very close to it (μ Tg ≈ 0.60), while decreasing at temperatures further away from T g (μ Tg + 10 K ≈ μ Tg − 10 K ≈ 0.40). This observation is consistent with the results of Planche et al. (1998) and who studied the temperature dependence of physical aging in a total of 55 bituminous binders by means of bending beam rheometer (BBR) measurements. In comparison with other small-molecule glass-forming liquids, aging shift rates of similar order of magnitude have been reported for m-toluidine (μ = 0.50), glycerol (μ = 0.38), and sucrose benzoate (μ = 0.25) at T g − 6 K (Hutcheson and McKenna 2008) .
It is also worth emphasizing that, unlike bitumen, most glassy materials exhibit physical aging only below T g (Struik 1977 ). We suggest that the unusual property of bitumen to physically age above the nominal T g is due to its broad glass transition. This is evidenced by the fact that the glass transition region of Bitumen A, as measured by DSC (Table 1) , extends to temperatures far outside the temperature range covered by our physical aging experiments (T g + 10 K to T g − 10 K, T g being the midpoint of the glass transition region). Earlier studies (Masson and Polomark 2001; Masson et al. 2002; Laukkanen et al. 2018c, b) have suggested that the broad glass transition of bitumen originates from the chemical and structural complexity of this material. Consequently, it can be speculated that molecular constituents responsible for the high-temperature side of the bitumen glass transition are also responsible for the physical aging above the nominal (midpoint) T g . Figure 6 shows a summary of the results from the physical aging experiments on bitumen B. When comparing with Fig. 4a , it is apparent that physical aging is much less severe in non-waxy bitumen B than in waxy bitumen A. Still, as shown in Fig. 6b , the time-aging time superposition principle is valid for bitumen B, allowing the construction of master curves from the frequency sweep data obtained at different stages of physical aging. In this case, only small horizontal shifts are needed to generate these master curves. This is further illustrated in Fig. 6c where aging time shift factors are plotted against aging time. Only minor physical aging is observed to take place in bitumen B over the entire experimental temperature range from T g + 30 K (10°C) to T g − 20 K (− 40°C). It can therefore be concluded that crystallinity has a major effect on the rate of physical aging in bitumen, and this effect can be readily detected by TRR. The correlation between crystallinity and physical aging of bitumen has been identified also by several other researchers (Claudy et al. 1992; Anderson et al. 1994; Planche et al. 1998; Anderson and Marasteanu 1999) .
As the final case, we investigate the effect of SBS polymer modification on the physical aging of bitumen. Figure 7a shows interpolated frequency sweep data at selected aging times for a highly polymer-modified bitumen C + 10 wt% SBS. Interestingly, the loss tangent of bitumen C + 10 wt% SBS appears to be almost independent of the frequency at all aging times, and consequently G′ and G″ curves are nearly parallel to each other. This is characteristic of critical gel-like behavior as first observed by Chambon and Winter (1985 , 1987 . It can be speculated that this type of viscoelastic behavior originates from the fractal morphology of SBSmodified bitumen as suggested by Jelčić and coworkers 2016, 2017) . The time-aging time superposition is found to be valid at all SBS concentrations (0, 3, 5, 7, and 10 wt%) as exemplified in Fig. 7b for the two of the samples.
Furthermore, the aging time shift factors obtained from the time-aging time superposition are depicted in Fig. 7c . It is observed that only horizontal shifts are needed to construct master curves for the bitumen samples that have been modified with small amounts (≤ 5 wt%) of SBS. On the contrary, both horizontal and vertical shifts need to be employed in order to obtain smooth master curves for the bitumen samples modified with 7 and 10 wt% of SBS. We have previously observed that a continuous SBS-rich network is formed within these highly SBS-modified bitumen samples and that they exhibit thermorheologically complex behavior (Laukkanen et al. 2018a ). Consequently, it can be speculated that the formation of the polymeric network structure gives rise to the vertical shifts upon physical Figure 7c also shows that the aging time shift factors increase significantly with increasing SBS content, resulting in an apparent increase in μ values. Following the traditional interpretation, this would indicate that SBS modification increases the rate of physical aging. It should be noted, however, that it is not meaningful to use only μ values to assess the extent of physical aging in SBS-modified bitumen. This is because the rheological properties of SBS-modified bitumen show much weaker frequency dependence than those of unmodified bitumen, and consequently similar changes in rheological properties result in considerably larger time-aging time shifts in SBS-modified bitumen than in unmodified bitumen. In fact, SBS modification does not appear to have any significant influence on physical aging-induced stiffening, i.e., relative increases in the modulus values are observed to be almost independent of the SBS concentration.
Conclusion
We have shown that time-resolved rheometry (TRR) is a useful tool to monitor changes in viscoelastic properties during physical aging. The TRR technique is used to analyze cyclic frequency sweep (CFS) data, providing many advantages over the traditional Struik's physical aging test protocol. In the experimental part of this paper, physical aging in bituminous binders is investigated. To the best of authors' knowledge, this is the first time that the TRR technique has been employed to study physical aging in small-molecule (non-polymeric) glass-forming liquids. The mutation of viscoelastic properties is verified to be relatively slow during physical aging (N′ mu < < 1), thus allowing rheological measurements in the quasistable state. As a proof of concept, the effects of temperature and crystallinity on the physical aging of bitumen have been quantified. The time-aging time superposition is found to be valid for unmodified as well as for SBS polymer-modified binders. Interestingly, only horizontal time-aging time shifts are needed to generate master curves for unmodified and moderately SBS-modified binders, whereas both horizontal and vertical shifts are necessary in the case of highly SBSmodified binders. Further studies are needed to explain the physical origin of this divergence. Future studies are also expected to extend the application of the presented analysis techniques to other types of glass-forming liquids.
